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Abstract

The physics of parallel heat transport was tested in the Scrape-off Layer (SOL) plasma of the
National Spherical Torus Experiment (NSTX) [M. Ono, ef al., Nucl. Fusion 40, 557 (2000) and S.
M. Kaye, et al., Nucl. Fusion 45, S168 (2005)] tokamak by comparing the upstream electron
temperature (7¢) and density (n.) profiles measured by the mid-plane reciprocating probe to the
heat flux (g,) profile at the divertor plate measured by an infrared (IR) camera. It is found that
electron conduction explains the near SOL width data reasonably well while the far SOL, which
is in the sheath limited regime, requires an ion heat flux profile broader than the electron one to
be consistent with the experimental data. The measured plasma parameters indicate that the SOL
energy transport should be in the conduction-limited regime for R-R,., (radial distance from the
separatrix location) < 2-3 cm. The SOL energy transport should transition to the sheath-limited
regime for R-Ry, > 2-3cm. The T, , n. , and ¢, profiles are better described by an offset

exponential function instead of a simple exponential. The conventional relation between mid-



plane electron temperature decay length (47.) and target heat flux decay length (4,) is A7.=7/24,,
whereas the newly-derived relation, assuming offset exponential functional forms, implies
A1e=(2-2.5)A,. The measured values of Az/A, differ from the new prediction by 25~30%. The
measured 4, values in the far SOL (R-R,., > 2-3cm) are 9-10cm, while the expected values are 2.7
< 44 < 49 cm (for sheath-limited regime). We propose that the ion heat flux profile is
substantially broader than the electron heat flux profile as an explanation for this discrepancy in

the far SOL.

I. Introduction and background

The Scrape-off Layer (SOL) heat flux decay length at the divertor target, 4,, in tokamak
plasmas is an important parameter related to the effective surface area over which power from the
core plasma is distributed in the heat strike regions at the target. This impacts choices of target
material, shape, and the upper limit of the heat flux to avoid material damage. Therefore, a
thorough understanding of the transport mechanisms that set 4, is critical for the next generation
devices, such as ITER"?,

There have been a number of efforts to scale experimentally observed 4, values with plasma
operation parameters such as ne, B, ¢9s, and input power as well as to compare them with
theoretical models. Such early works were summarized by Connor and Counsell’ which identified
a group of better fitting models against the experimental data. The theoretical models are derived
from choices of given physics basis for perpendicular heat diffusivity, y,, and the use of parallel
and perpendicular power balance equations. Although there have been several attempts® > to
extrapolate fitting results to future machines, there is still a strong need for verification, improved

experimental measurements, and a theory-oriented approach for the extrapolation.



On the other hand, the dependence of 4, on the upstream plasma parameters is directly related
to the parallel heat transport process and can vary significantly with the SOL plasma conditions
due to different energy transport regimes. It is the relationship of 4, with temperature and density
decay lengths, 17 and 4,, that can shed light on the parallel heat transport mechanisms and is the
topic of investigation in this paper.

The competition between parallel and perpendicular transport processes determines the SOL
cross-field scale lengths. It is generally accepted that most of the target plate heat flux can be
explained by electron conduction in attached plasmas and by ion convection during detachment®”,
with some noteworthy exceptions®’.

In attached plasmas with electron conduction dominating ion transport, heat transport parallel
to the magnetic field can be written as:

dT,
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where s, is the parallel coordinate and K, is the electron conduction coefficient. This equation

can be integrated along the SOL to give a well-known expression for the upstream electron

temperature, 7,
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where L. is the parallel connection length. This simplified picture of SOL transport is referred to
as the two-point model, for which a detailed discussion can be found elsewhere'”'" . Assuming
further that the 7, and ¢ profiles are simple exponentials gives a simple relation between power

and temperature perpendicular decay lengths,

A =12 3)
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This relation has been previously used, for example, to obtain upstream 7. from the measured

target 1, or to translate A7, into the target 1, %,



However, recent studies have shown that fast, intermittent cross-field transport leads to flat T,
and n, profiles in the far SOL'>'°. The profile shapes then appear as exponentials with a baseline
offset, instead of simple exponentials. Recall that the relation between A7, and A, given in
equation 3 assumes that parallel heat conduction dominates energy transport, leading to simple
exponential radial profiles. Thus the consideration of intermittent radial transport and offset-
exponential plasma profiles will lead to a modification of the relationship given in equation 3. In
the remainder of this paper we will compare the experimental ratio of Az/4, to that given in

equation 3, and a new ratio based on offset exponential profile forms.

I1. Results and Data Analysis

A. Measurement of SOL Plasma Profiles

Experiments to obtain the ratio of plasma cross-field scale lengths were performed in the
National Spherical Tokamak Experiment (NSTX)'"" (R = 0.85 m, ¢ < 0.67 m, R/a > 1.27) in

lower single null (LSN) discharges, with toroidal magnetic field, By = 0.5 T, plasma current, , =

0.8 — 1IMA, line average electron density 7z, = 4.0x10" m”, and neutral beam injected (NBI)

power of 1 MW. Simultaneous measurements of the upstream 7, and the target ¢, profiles were
made using a fast reciprocating probe" and infra-red (IR) camera®, respectively, in quiescent H-
mode plasmas with small, Type-V ELMs?'. The fast reciprocating probe measures upstream
plasma parameters (17.3 cm below the mid-plane) across the SOL with spatial resolution of 1 —
2mm. The IR camera measures tile surface emissivity, which is converted to tile surface
temperature from in-situ calibration during baking of the graphite tiles. The target heat flux
profile is obtained from a 1-D solution of the conduction equation with temperature independent

thermal properties”, with temporal resolution of ~33 ms and spatial resolution of ~6 mm. The



geometry of the two diagnostics is shown in Fig. 1 as well as the magnetic equilibrium
reconstruction for shot 125059. Data from both diagnostics is mapped to the outer midplane using
23,24

equilibrium reconstructions

Fig. 2 shows the time evolution of a) plasma current (1,), b) line averaged density (7,), ¢)

injected neutral beam power (Pygp;), and d) D, signal for lower divertor, for shot 125069 and
indicates the time window during which probe and IR measurements are taken. The L-H
transition is indicated by the D, drop at 190ms, and the plasma stays in H-mode until ~ 430m:s.
The small oscillations on D-alpha are signatures of the Type-V ELMs. Note also the continuous
rise of the line-averaged density during this time period, a common feature of NSTX H-modes.
Note also the NBI waveform: a relatively high power level of 4 MW was used to trigger a
reproducible L-H transition, and this power level was reduced in steps as the target line-average
density for the reciprocating probe plunge was achieved.

The time dependent measurements during the probe plunge are converted to spatial profiles
using mapping based on equilibrium reconstructions. In this manner, several ion saturation
current density (j',) profiles, as a function of R-R;., (mapped to the mid-plane), are shown in Fig.
3 for four nominally identical discharges. It is noted that the profiles are quite reproducible,
indicating that the SOL plasma characteristics for these discharges are comparable. The discharge
with the deepest probe plunge was chosen for the data analysis.

High spatial resolution profiles of T, and n, as measured by the fast probe are shown in Fig. 4,
as well as the heat flux profile inferred from the IR camera emissivity data. Note that we plot a
different discharge from the ones in Fig. 3 because the j ', data is best for 125069 (see
discussions in section III). Systematic error bars on the heat flux measurements are difficult to
estimate because of approximations in the conduction model and possible tile emissivity

variations between the in-situ calibration and the experiment. However the statistical error bars



are less than 10%. Also shown in Fig. 4 are statistical error bars on the fits of 7, n,, and heat flux
profiles.

Notice that the T, profile in Fig. 4 shows a significant scatter. This is believed to be due to the
disturbance of small ELMs and turbulent blobs to the SOL plasma during the measurement.
Specifically, the T, is essentially determined by the slope of the I-V characteristic; small ELMs
cause a substantial temporary change to the slope, thus affecting the fitted 7, values. In contrast,
the n. is determined mostly by the fitted ion saturation current value, which is less affected by
small ELMs. A more detailed discussion for the effect of ELMs and turbulent blobs on the 7,
profile is given in section III.

The electron-electron collisionality (v*.,. = L./A.., Where 4, is the e-e mean free path and L. is
the parallel connection length) in the upstream SOL region was calculated from the 7, and #,
profile data and L. calculated by LRDFIT magnetic equilibrium reconstruction™, to determine the

SOL heat flow regime (i.e., conduction-limited, sheath-limited, or detached).

B. Categorization of SOL Plasma Regimes

It is seen from Fig. 4 that the plasma is strongly collisional with v*,, of ~30 near R-R,, = 0
and v*, rapidly decreases away from the separatrix to ~5 at R-R,., = 8cm. This indicates that the
SOL plasma is in the conduction-limited regime near the separatrix and in the sheath-limited

% relating the

regime near the wall. Also, there are representative upstream parameters'>
upstream plasma conditions (7, and n,) to the conditions required for transition from the

conduction-limited regime to the sheath-limited or detachment regimes given by:
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These relations are plotted on a T, vs (neuLc)”2 plane in Fig. 5 to show the boundaries of the
various regimes, using the same probe data shown in Fig. 4. The profile data indicates that the
near SOL plasma (R-R,,, < 3cm) should be in the conduction-limited regime, while the far SOL
plasma (R-R,,;, > 3cm) should be in the sheath-limited regime. One implicit assumption here is
that the radiation loss in the divertor region is small. Divertor bolometry data, although sparse,
suggests a radiation loss in the divertor region of only ~70 kW compared to a total of ~310 kW
deposited on the outer lower divertor plates as per the IR camera (see section II.D for more

detailed discussion). We will therefore neglect it for now, but come back to this point later.
C. Analysis of Near SOL Widths

We have established that the probe profile in the near SOL is in the conduction-limited
regime, and therefore equation 3 relating the 7, and ¢ decay lengths should hold in this region.
We can now compare experimental IR camera data of A, with mid-plane probe data (7, and #.).
One initial observation by examining Fig. 4 is that the T, ¢, and n, profiles do not follow a simple
exponential decay, but have a long tail in the far SOL region. The near SOL T, and ¢ decay
lengths are obtained by fitting the data to a simple exponential function for 0 < R-Ry, < 2.5cm,
indicated by orange lines in Fig. 4, yielding Az = 2.3 cm and 4, = 1.0 cm and therefore A7/, = 2.3.
The expected ratio is 3.5 from equation 3, i.e. the difference is 34%. This indicates that the SOL
profiles in this region can be roughly described by classical transport processes.

The long tail in the far SOL region can be approximated as an offset in the exponential function,

- Rsep

a=a,+a, exp(— )which can be used to fit the T,, n,., and g profiles (black solid lines in

Fig. 4). This alternate function yields a shorter decay length in the near SOL region, as compared

to the simple exponential fit. The resulting A7./A, ratio of 1.52 is significantly smaller than the



expected ratio of 3.5. However, the 7/2 ratio is based on the simple exponential decay length for
both T, and ¢. If we use the offset exponential function for both T, and ¢ profiles and apply it to

equation 2, we obtain a new relation between Az and 4,,

T, -T
A’Te u = ZA M—EOS/Z (6)
’ 2 ! Te,u - CqOTe?u
where, C = 7L , Too and g are the offset T, and ¢ values. If we apply this relation to the near
2 K

0

SOL region for the example in Fig. 4, while taking T, ,as a line-averaged value, 7 _ M,

“ f dr

T, -T
the factor — 2 —* __ is (0.59. Thus the expected ir/4, ratio drops to 2.05, which is in

reasonable agreement with the measured value of 1.52 with the offset exponential fitting. The use
of offset temperature and heat flux values, 7,0 and g, in the parallel conduction equation
(equation 2) can be interpreted as a representation of relatively strong perpendicular convection.
The above analysis was completed for two additional Type-V ELMy H-mode discharges with
different plasma currents. Fig. 6 shows a comparison of 17./A, values between the experiment and
the conduction model for all three discharges. It is seen that the experimental A7./A, values are
generally smaller than those from parallel electron conduction model. Simple exponential fittings
for experimental data produce average Az/4, = 2.67+0.81cm, compared to 3.5 from the two-point
model. Offset exponential fittings for experimental data give average Ar/A, = 1.63+0.13cm,
compared to 2.25+0.26cm from the modified two-point model (equation 6). In both cases, the
experimental values are 25-30% smaller than theoretical predictions, suggesting that other

processes may also play a role in parallel heat transport in the near SOL.

D. Analysis of Far SOL Widths



The far SOL plasma (R-R,, > 2.5cm) is in the sheath-limited regime according to the

conventional regime categorization (see Fig. 5) and the electron and ion energy balance equation,

g = %ncs)’f’ikﬂ,i , gives a simple relation between various decay lengths in the sheath-limited

regime'® ', again assuming a simple exponential decay length for each profile,

1 1 3

(7
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K Der 2hge,

We can test this relation by fitting the 7., n,, and g profiles in the region R-R, > 2.5cm to the

simple exponential function, which yields Az =12.7 cm, 4,=3.9 ¢cm, and 4,=9.3 cm (shown in Fig.

4 with blue lines). Equation 7 above yields A value of 2.7 cm. Although ion temperature (77) is
not measured for NSTX SOL plasmas, there is a tendency of 7,°* > 7.5 728 and A — oo 2,

This gives )L; value of 3.9 cm from equation 7, assuming equal electron and ion densities and

therefore A,.= 4,;. As the measured IR heat flux is a combination of electron and ion contributions
(g, =9, + q‘f ), A, Is A <A, < )L;. It is therefore expected that 2.7 < 4, < 3.9 cm. The actual
measurement is 4, =9.3 c¢m, a factor of 2.4 — 3.4 longer than the expected value. Furthermore, the
conduction limited regime would predict a 4, value of 3.6 cm (equation 3) in the far SOL, again a

factor of 2.6 smaller than the measured value. All the results for the near and far SOL widths for

shot 125069 (Fig. 4) are summarized in TABLE 1.

TABLE 1. Az./A, ratio for the near SOL and /A, for the far SOL, for shot 125069 in Fig. 4

Measurement by fitting to profile Prediction from two-point model using,
Simple Offset Simple Offset
exponential exponential exponential exponential
Are/Aq in near SOL 2.30+0.11 1.52+0.08 3.5 2.05
Jq in far SOL 9.3+0.7cm - 2.7-3.9cm -




There are several possible explanations for the long 4, observed in the far SOL. The first
concerns the model used to infer heat flux from IR camera emissivity measurements. The IR
camera technically measures surface thermal emission, which is converted to temperature from a
calibration during an in-situ bake of the graphite tiles. There could be differences in the tile
surface film characteristics from the time of the bake to the plasma experiments, due to plasma-
wall interactions and/or surface coating of the graphite by boronization to improve plasma
performance. Comparison of daily standard discharges indicates that this effect is minor at the
outer strike point, typically a region of high heat flux and net erosion. Another possibility to
consider for the IR heat flux data is that the 1-D conduction model used to convert surface
temperature to heat flux is over-simplified, in that temperature independent thermal properties are
used and radial conduction across the tile face is neglected. The latter effect would indeed lead to
a higher temperature in the far SOL than anticipated with the 1-D conduction model, giving the
appearance of a high heat flux. Simple estimates for ATJ-type graphite have suggested that such
2-D effects become important for time scales on the order of ~2 sec’, i.e. much longer than the <
50ms of this experiment.

Secondly, we consider the impact of core and divertor radiation on the measured heat flux
profile, and conclude that radiative heating of the tiles is unlikely to lead to the long decay lengths
measured in the far SOL. In concept, if the heat flux due to radiation were comparable to parallel
heat flow, it would cause a longer 4, than the expected from the two-point model (equation 7).
The NSTX divertor bolometer currently has three vertically resolved channels in the X-point
region as shown in Fig. 1; radial resolution of the radiating region is not possible with this system.
To estimate radiative heating effect on the outer lower divertor tile, we assume two cases of
radiating shell (see Fig. 7); 1) Take the X-point as the radial location of the emitting volume in

29,30

order to take an average over inner and outer divertor legs™ . This is a generally conservative

assumption because the radiation from the inner divertor region is generally stronger than from

10



the outer, as measured in several unpumped diverted tokamaks®', 2) Take the outer leg as a solely
responsible radiating region. This is regarded as an even more conservative assumption in order
to see the ‘upper limit’ of the radiation effect on the IR heat flux profile. Also assumed is that the
radiation shell has a uniform radiation power over its entire surface for both cases. Taking
account of toroidal extension of the radiation shell, these assumptions yield a divertor radiated
power of ~ 70 kW. At most 50% of this power would be incident on the outer side, out of which
at most 50% would go to the lower side. We thus expect that not more than 25% of the total
radiated power would be used to heat the outer lower divertor tile, i.e. ~18 kW. We then estimate
heat flux profile due to this radiation power, based on the average distance of the radiating shell
from each radial point on the tile surface. This analysis leads to a heat flux profile decreasing with
the distance from the separatrix toward the wall, i.e. 33 kW/m? at the separatrix and ~5 kW/m? at
R-R,,=8 cm. In addition, the core bolometer indicates a total of 160 kW of radiated power.
However, only ~5 % of the total radiation is expected to go to the outer lower divertor tiles from
solid angle considerations, which corresponds to ~8 kW. This could be incident on the outer
lower tile with surface area ~1.3 m?, leading to a heat flux of ~6 kW/m?. In sum, the radiative
heat flux profile from the divertor and the core would be only less than 10 % of the measured IR
heat flux profile over the entire SOL. If we subtract this radiative contribution from the total heat
flux profile and re-fit the profile, we obtain 4, =9.2 cm (case 1 above) and 4, =8.5 cm (case 2),
similar to the uncorrected 4, =9.3 cm. Therefore, the radiative tile heating is not thought to be the
cause of the observed discrepancy.

The third possibility is that the ion heat flux to the target significantly exceeds the electron
heat flux in the far SOL. Here both the ion density and temperature scale lengths would have to
substantially exceed the electron scale lengths in the far SOL, which would imply the breakdown

of quasi-neutrality. If the ion density decay length is longer than the measured 4, i.e. 4,;> 9.3 cm,

we can see that )L; will be /1; > 9.3cm (from equation 7, assuming A, — o). As was shown

11



above, 4, is /1: < )Lq < )L; , this can lead to a large 4, as is observed experimentally. However,

currently there is no ion density data for the NSTX SOL plasmas, and this conjecture needs to be
investigated with new diagnostics in the future.

Lastly, we consider the possibility of fast ion contribution to the heat flux profile, for example
from the injected neutral beam. This could, in principle, produce a very broad heat flux profile
and contribute to the observed long tail in the far SOL. The beam ion orbit dynamics in NSTX
usually does not allow for a significant fraction of ions to be directly lost to the target, but is lost
and transfer energy around the midplane through collisions®>. It would then reach the target via
parallel transport. If the fast ion contribution is indeed significant, it would produce a difference
in the heat flux profile between just before and after an NBI power switch. Our present IR camera
is not ideal for this investigation because of its rather slow temporal resolution (~33ms). However,
as one IR time frame presently covers only ~one beam slowing down time, we expect that the
power from the core plasma across the separatrix would not be very different and any difference
in the heat flux profile between two consecutive IR time frames with the NBI power switch time
centered would be due to the contribution from the fast ions. IR heat flux profiles have been
investigated for such shots and are shown very similar. Therefore, it does not appear that the fast
ion species contributes to the broad heat flux profile in the far SOL at least for our present IR

measurement with 33ms temporal resolution.
II1. Effect of ELMs and turbulent blobs on the profile comparison

As discussed in section II A, the T, profile in Fig. 4 shows a significant scatter due to the
effects of ELMs and blobs on the raw [-V characteristic curves. We have investigated the effect

of these transients on the 7, profile by comparing profiles from Thomson scattering (TS) and the

probe. Az, from the TS measurement (=0.7cm) is shorter than the one from the probe
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measurement (=1.1cm) by a factor of ~1.6. This is believed to be caused by the difference in the
temporal resolution between the two diagnostics. The TS is an instantaneous measurement and
therefore catches an ELM or turbulent blob only when its line of sight intersects with the
ELM/blob filament. On the other hand, the swept probe measurement is continuous and is
affected by filaments more substantially because of its higher probability of catching them during
the sweeping period of 0.5ms. Therefore, the probe measurement conceptually represents the
‘time-averaged’ T, profile and includes the effect of ELM/blob filaments, leading to a longer Az..
On the other hand, the TS measurement mostly misses the ELMs and blobs, except in the ‘very
near’ SOL (0 < R-Ry., < 1cm) where ELMs/blob filaments are commonly present, and represents
the inter-ELM T, profile for R-R,., > 1cm. This leads to shorter Az shown in plot (b) of Fig. 8.
We have further investigated this issue by eliminating the effect of ELMs and blobs on the

probe T, profile, by removing the affected portions from the raw I-V curve data. This was made

+
sat

+
sat

easier by making use of /' data from a separate /

probe which is constantly biased to -170V.

By comparing the swept probe data with the / probe data, we could determine the ELM

affected portions to be removed from the raw I-V curve data. The probe T, profile then becomes
much less scattered and narrower with Ar.=0.6cm, very similar to the Ar.=0.7cm from the TS
measurement. This is shown in plot (a) of Fig. 8.

The time frame of the IR measurement, however, is 33 ms and thus averages over these
ELMs and turbulence. Note that comparison between the upstream 7, SOL width and the target
heat flux SOL width presented in this paper was made by using the 7, measurement from the
probe and the heat flux measurement from the IR camera. Therefore, the issue of comparing 7,
and heat flux profiles during and between ELMs and turbulent blobs has not been fully addressed.
That is, a fluctuating 7, profile due to these transient phenomena should be compared with the
corresponding heat flux profile. This is particularly important because of the strong dependence

on T, to the 7/2 power, which makes obtaining the average 7, profile that is most appropriate for
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comparison to the heat flux profile a non-linear problem when we include transient data in the
measured profiles. In order to solve this problem correctly we need a measurement of 7, and heat
flux profiles with a time scale fast enough to separate steady state and transient profiles, which is
presently not available in NSTX. However, a fast IR camera with measurement frequency of up
to 20kHz is being prepared for use from the next campaign. This is anticipated to be able to
resolve, along with the ‘w/ and w/o ELMs and blobs’ technique in the probe data analysis

described above, the issue more precisely.

IV. Summary and Conclusions

The Az./A, ratio in the near SOL (R-R,., < 2.5cm) was measured by fitting the profile data to:
1) a simple exponential and 2) an offset exponential, with values of 2.29 and 1.52 obtained from
those functions respectively. The baseline value of the offset exponential profile can be
interpreted as a result of fast radial intermittent transport. The above ratios are relatively close to
calculations from a simple parallel heat conduction model, the so-called two-point SOL model,
which predict values of 3.5 and 2.05 for the simple and offset exponential profiles respectively.
The remaining discrepancy might be due to measurement errors or oversimplifying assumptions
in the two-point model such as negligible parallel convection and equal electron and ion
temperatures. In fact, the assumption of 7;=T, can be inaccurate and 7i/T.~2 or so is often found
in the SOL***. However, due to the very large electron conduction coefficient (io~2000 for
hydrogenic plasmas) compared to the ion (i ~60), ions with 77=2T, would only conduct parallel
heat flux a factor of ~1/6 smaller than the electrons along the SOL, assuming the same parallel
gradient of 7, and T; (see equation 1). Therefore, the contribution of parallel ion conduction to the
total heat flux is expected to be small.

In the far SOL, we calculate the heat transport to be in the sheath-limited regime. The T, n.,

and heat flux profile data are fitted to a simple exponential form (excluding the near SOL),

14



obtaining that the measured 4, is 9.3 cm, while the expected from the two-point model is 2.7 < 4,
< 3.9 cm, i.e. the measurement being a factor of 2.4 to 3.4 larger than the expected. The reason
for this discrepancy is unclear and the subject of future work, although our estimates suggest that
2-D conduction across tile surfaces, radiative heat flux to the tile surfaces, and contribution from
the fast ion components to the heat flux profile are unlikely to result in the large measured values
of 4,. In principle, a significantly longer ion heat flux scale length than the electron scale length

perhaps combined with long 4,; and A7; could lead to a large 4, as observed.
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FIG. 1. Magnetic equilibrium reconstruction of NSTX shot 125059 with
various diagnostics channels overlaid.
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FIG. 2. Time trace of various discharge parameters: a) plasma current, b) line
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FIG. 3. Profiles of ion saturation current density (i+m,) as a function of R-Rye,
(mapped to the mid-plane), from the fast reciprocating probe measurement
for 4 nominally identical shots with different maximum probe penetration.
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FIG. 4. Measured T, n, (by fast reciprocating probe at z=-17.3cm), and

R—Rsep midplane (cm)

Grarger (by IR camera at the lower divertor target) profiles, as well as the
calculated SOL electron-electron collisionality profile, with all profiles
mapped to the mid-plane. The black fitting lines are from the offset
exponential function for the whole profiles, while the orange and blue
lines are from the simple exponential function in the near and far SOL
regions, respectively. Statistical error bars on the decay lengths are also

indicated.
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FIG. 5. T,, versus (nm,LC)”2 for the NSTX SOL data shown in Fig. 4, where
T,, and n,, are ‘upstream’ 7, and n, values measured by the reciprocating
probe. The solid lines are given by a two-point model analysis®. Note that
the NSTX upstream SOL plasma (at the mid-plane) enters the sheath-limited
regime at ~2.5cm away from the separatrix.
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values from the conduction model by 25-30%.
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FIG. 7. Geometry of simplified divertor radiation zones assumed to estimate
contribution of the radiation power to the measured IR heat flux profile.
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FIG. 8. (a) Ay, with and without ELMs from the probe measurement, (b) Az, from
the probe measurement without ELMs and from the TS measurement. Here,
probe data ‘without ELMs’ means that the ELM affected portions of I-V
characteristics curve were removed before the fitting process.
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